A century ago, Cajal noted striking similarities between the neural circuits that underlie vision in vertebrates and flies. Over the past few decades, structural and functional studies have provided strong support for Cajal's view. In parallel, genetic studies have revealed some common molecular mechanisms controlling development of vertebrate and fly visual systems and suggested that they share a common evolutionary origin. Here, we review these shared features, focusing on the first several layers-retina, optic tectum (superior colliculus), and lateral geniculate nucleus in vertebrates; and retina, lamina, and medulla in fly. We argue that vertebrate and fly visual circuits utilize common design principles and that taking advantage of this phylogenetic conservation will speed progress in elucidating both functional strategies and developmental mechanisms, as has already occurred in other areas of neurobiology ranging from electrical signaling and synaptic plasticity to neurogenesis and axon guidance.
Almost as soon as it was recognized that neurons form connections with each other, it became evident that patterns of connectivity are stereotyped and complicated. Since that time, neuroscientists have tried to understand how these circuits arise and how, once formed, they underlie mental activities.
Although nearly every nook and cranny of the nervous system has been analyzed with these issues in mind, the visual system has been especially well studied. Several features have contributed to this focus. One is that, as highly visual animals, humans have an easy, intuitive understanding of what the visual system does. We can therefore more readily design stimuli to probe visual capabilities than, say, taste or smell. Like other sensory systems (but unlike, for example, memory systems), visual circuits have a discrete starting point, photoreceptors, that favors systematic analysis. In addition, the first several layers of the visual system are compact (unlike, for example, somatosensory or motor systems), physically accessible (unlike, for example, the ear), and laid out with a pleasing regularity that facilitates identification of cell types on the basis of their position (Figure 1) .
The visual systems of vertebrates and insects share not only these technical advantages but also many structural, functional, and developmental features. Shared structural features include the arrangement of cells and their connections in parallel layers, a regular spacing of neurons within each layer, and radial connections that run perpendicular to the layers (Figure 2 ). Shared functional attributes include two modes of parallel processing: first, each small patch of the visual world is processed in multiple ways to extract salient visual features, such as color, form, and motion and second, this processing is repeated for each portion of the visual field. The layers and radial arrays form the structural bases for feature detection and coverage of the visual field, respectively. The conservation of layered and radial arrangements over millions of years attests to their utility. Finally, recent studies of development have revealed that similar strategies and even some similar molecules are used to assemble the vertebrate and fly visual systems.
Our goal in this review is to highlight these similarities, focusing on the first several structures-retina, optic tectum (superior colliculus), and lateral geniculate nucleus in vertebrates; and retina, lamina, and medulla in fly. Our motivations are, first, that conserved features are likely to be the most fundamental and, second, that knowledge gained from each system will be useful to students of the other. In these regards, we echo Cajal, who first drew attention to these parallels a century ago ( Figure 3 ). Our conviction is that recent advances in genetic and genomic technologies will make these parallels both more compelling and more useful over the next several years.
Synaptic Organization of the Vertebrate Visual System
Overview There are six principal cell types in the vertebrate retina: photoreceptors, projection neurons (retinal ganglion cells or RGCs), three types of interneurons (horizontal, bipolar, and amacrine cells), and glial cells (Muller glia). These cells are arranged in three histologically distinct ''nuclear'' layers that contain cell bodies but no synapses separated by two ''plexiform'' layers that contain synapses but no cell bodies (Figures 1A and 1C) . The cellular layers are, from outside in: the outer nuclear layer, containing photoreceptors; the inner nuclear layer, containing interneurons and Muller glia; and the ganglion cell layer, containing RGCs and some amacrines (Masland, 2001; Wä ssle, 2004 ). As we shall see, each of the main neuronal types can be subdivided into multiple subtypes, based on structural, physiological and, more recently, molecular criteria. Moreover, the plexiform layers can be divided into multiple sublaminae. However, the regular arrangement of the cells and synapses and the ability to classify many subtypes into a few main types provide a helpful simplifying framework for analysis.
Although the distribution of cells within retinal layers is not perfectly regular, as is the case in fly retina (see below), it is highly nonrandom. Cells of a particular subtype are spaced more evenly than would be expected by chance alone (Wä ssle and Riemann, 1978; Devries and Baylor, 1997; Rockhill et al., 2000; Novelli et al., 2005; Eglen, 2006) . Most often, regularity is measured as the reduced frequency of finding two cells of a single type near each other; the presence of an ''exclusion zone'' defines and characterizes the so-called ''mosaic'' arrangement ( Figure 2A) . As a consequence, a pin piercing the retina vertically will pass through the dendritic field of at least one cell of each subtype. Mosaics can be viewed as a means of ensuring that all regions of the visual world are sampled by each set of processors.
RGCs, the sole output neurons of the retina, send axons to more than ten areas of the brain. In most vertebrates, the main target is the optic tectum, called superior colliculus in mammals. In higher mammals, such as cats and primates, the dorsal lateral geniculate nucleus (LGN) in the thalamus emerges as the major target. This difference reflects the fact that thalamic nuclei relay sensory information to the cerebral cortex, which is rudimentary in lower vertebrates and relatively small in lower mammals. In both of these structures, RGC axons arborize and terminate in specific layers. As in retina, each layer receives input from specific RGC subtypes.
From the LGN and tectum/colliculus, visual information travels further into the brain. Best studied is the projection from the LGN to the primary visual cortex, called V1, area 17, or striate cortex. From there, parallel streams fan out to numerous areas (Van Essen et al., 1992) .
Outer Retina
The outer plexiform layer is the simpler of the two synaptic regions in the vertebrate eye. It contains chemical and electrical synapses that link photoreceptors, horizontal cells, and bipolar cells. Its main synaptic type is a multiple contact synapse made by unusually large photoreceptor nerve terminals onto postsynaptic processes of horizontal and bipolar cells (Wassle, 2008 ; Figure 4A ). Complexity in this simple pattern arises from the existence of multiple subtypes of each main cell type (e.g., Fischer et al., 2007; Wassle, 2008; Li et al., 2009; Dacey, 2000) . The two basic photoreceptor types are rods and cones, with cones further divided into subtypes (for example, two in mice, three in humans, and five in chickens) on the basis of the visual pigment (opsin) they express. In a comprehensive analysis, Wä ssle et al. (2009) identified 11 bipolar subtypes in mice ( Figure 5A ). They go on to show that each cone photoreceptor contacts at least one member of each of ten bipolar subtypes and that each cone bipolar cell receives input from approximately ten cones ( Figures  6A and 6B) . Thus, divergence and convergence begin at the first synapse in the visual system.
At least in mammals, rods and cones initiate two informationprocessing streams that remain partially segregated through multiple synapses. Rods mediate vision at low light intensities (so-called ''scotopic vision'') but adapt or bleach at high light intensities; cones, which are less sensitive (mediating photopic vision) and more resistant to bleaching, generate the sensation of color (Dacey, 2000) ( Figure 7A ). The ability of cones to mediate color vision results from the existence of multiple cone types, each with a unique opsin and a distinct spectral sensitivity. In essence, the sensation of color arises from differential activation of cone types by light of particular wavelengths. Since rods are inactive at light levels that activate cones, they play little role in color vision; conversely, in dim light, when cones are inactive, objects generally seem gray. Rod and cone terminals, called spherules and pedicles, respectively, synapse on bipolars in distinct sublaminae within the outer plexiform layer (e.g., Li and DeVries, 2006; Dacey, 2000; Fischer et al., 2007; Tanabe et al., 2006; Wahlin et al., 2008) . Bipolar cells are, with few exceptions (for example, Haverkamp et al., 2008; Pang et al., 2010) , dedicated postsynaptic partners of either rods or cones. Although some rod-derived signals make their way to the cone pathway (Soucy et al., 1998; Wä ssle, 2004) , the separate pathways for rod-and cone-derived signals maintain at least partial segregation of color-sensitive and -insensitive information through the inner nuclear layer. Inner Retina It is in the inner plexiform layer that laminar specificity is displayed in its fullest glory (Figures 5A and 7B) . This layer contains synapses of amacrine, bipolar, and retinal ganglion cells, arranged in a series of at least ten narrow, parallel sublaminae, often divided into five sets (S1-S5 in Figures 5 and 7) . Each sublamina contains processes of distinct cellular subtypes (Karten and Brecha, 1983; Wä ssle, 2004; Siegert et al., 2009) . There are at least 20 types of RGCs (Vö lgyi et al.,2009 ) and 30 types of amacrine cells in mammalian retinae (e.g., MacNeil and Masland, 1998; MacNeil et al., 1999; Lin and Masland, 2006) , along with the 11 types of bipolar cells mentioned above. The relationship between cellular diversity and sublamination was recognized by Cajal, whose pictures clearly show individual bipolar, amacrine, and retinal ganglion cells with arbors confined to just one or a few sublaminae in the inner plexiform layer.
Of what significance are these subtypes and sublaminae? Insight came from two seminal discoveries. First, Kuffler (1953) established the principle that RGCs are not illumination detectors, but rather feature detectors. Specifically, he showed that RGCs respond poorly to diffuse, sustained illumination but briskly to borders between bright and dark regions. Some RGCs responded well to illumination of overlying photoreceptors (A) Cells are arranged in mosaics in the outer and inner nuclear and ganglion cell layers of the vertebrate retina. Because of mosaic spacing, a line drawn perpendicular to the layers will intersect the dendritic field of at least one representative of each cell type. Inset shows distribution of cells within two amacrine mosaics, redrawn from Rockhill et al. (2000) . For each cell type, spacing is nonrandom, with fewer near neighbors than would be expected by chance. However, mosaics are independent of each other, so distances between cells of types 1 and 2 are randomly distributed. (B) In Drosophila, spatial relationships among successive stages are strictly determined rather than probabilistic. Retinal ommatidia overlie laminar cartridges, which in turn overlie medullary columns.
when the bright spot was surrounded by a dark annulus; others responded best to dark spots surrounded by bright annuli. Kuffler called these ON-and OFF-center cells, respectively. Second, Kolb, Famiglietti, and colleagues (Famiglietti and Kolb, 1976; Nelson et al., 1978) showed that Kuffler's ON-and OFF-center cells had dendrites confined to the inner and outer halves of the inner plexiform layer, respectively ( Figure 7B ). This association provided a firm basis for Cajal's basic tenet, that neuronal structure and function are closely interrelated. Perhaps most compelling is the observation that ON-OFF cells, which respond to both increases and decreases in light intensity, have bistratified arbors, one each in the inner and outer halves of the IPL.
The properties of ON and OFF RGC receptive field centers reflect the lamina-specified synapses they receive from bipolar cells. Two sets of bipolar cells receive inputs from the same photoreceptors but respond in opposite ways, based on the glutamate receptor subtypes they express (Werblin and Dowling, 1969) . Photoreceptors release glutamate in the dark; illumination hyperpolarizes the cell and reduces transmitter release. OFF bipolar cells bear ionotropic glutamate receptors that lead to depolarization by neurotransmitter; thus, they are inhibited (hyperpolarized) by light. In mammals, ON bipolar cells bear metabotropic glutamate receptors that lead to hyperpolarization by neurotransmitter, so they are excited (depolarized) by light (Slaughter and Miller, 1981) ; fish use other tricks to invert the sign of the ON response. The axons of the ON and OFF bipolar cells terminate in the ON and OFF sublaminae and selectively innervate dendrites of ON and OFF RGCs, respectively. As expected, ON-OFF RGCs receive inputs from both ON and OFF bipolars. Thus, processing by interneurons in the inner nuclear layer determines the visual features to which RGCs respond.
We now know that the division of the inner plexiform layer into ON and OFF zones is just the tip of the iceberg. Lamina-specified subsets of RGCs are tuned to respond preferentially to distinct visual features, such as motion or color (Nassi and Callaway, 2009; Roska and Werblin, 2001; Gollisch and Meister, 2010) . The diversity and degree of specialization is exemplified by RGCs that respond preferentially to objects moving in specific directions (Demb, 2007; Zhou and Lee, 2008) . Pioneering work by Barlow and colleagues defined two general sets of direction-selective RGCs in rabbits ON-OFF and ON. Remarkably, the ON-OFF cells came in four discrete ''flavors,'' responding to motion in four orthogonal directions, and the ON cells came in three discrete flavors, responding to motion in three directions at 120 angles (Barlow et al., 1964; Oyster and Barlow, 1967) . More recently, an OFF RGC subtype has been identified that is selectively responsive to upward motion (Kim et al., 2008) , and molecular markers have been identified for one ON, one OFF, and one ON-OFF direction-selective subtype (Kim et al., 2008; Yonehara et al., 2009; Huberman et al., 2009) .
These receptive fields are built by inputs from the 10 to 11 subclasses of bipolars mentioned above and at least 30 amacrine subtypes, each with sublamina-specific projections. Distinct physiological signatures have already been characterized for several of them. In recent years, identification of molecular markers for lamina-specified subsets of pre-and postsynaptic partners in the IPL has facilitated their enumeration and categorization. These markers, alone or when used to direct expression of a reporter in transgenic mice, make possible new approaches to following the development of the cells, targeting them for recording, and tracing their connections (e.g., Badea et al., 2009; Kim et al., 2008 Kim et al., , 2010 Siegert et al., 2009; Wä ssle et al., 2009; Yonehara et al., 2009; Huberman et al., 2009) . Lateral Geniculate Nucleus and Optic Tectum Unsurprisingly, given its role in relaying information to the visual cortex, the LGN is especially large in primates, and this expansion is associated with a striking laminar organization. The primate dLGN comprises six cell-rich laminae separated by narrow cell-poor zones. They are selectively innervated by three major groups of RGCs, which initiate processing streams of Cajal and Sanchez, 1915 ; adapted from Meinertzhagen, 1993. visual information that remain at least partially distinct through early stages of cortical processing ( Figure 7C ). One, comprising the two ventral-most laminae, is called the magnocellular pathway; it is specialized for motion detection. Another set of RGCs innervates the four dorsal laminae, comprising the parvocellular pathway; it appears to subserve high-acuity vision. Each pair of LGN sublaminae contains one innervated entirely by RGCs from the contralateral retina and one innervated by RGCs from the ipsilateral retina. The third visual pathway, called koniocellular, runs through the interlaminar leaflets and carries information about color (Nassi and Callaway, 2009; Szmajda et al., 2008) . Thus, the primate LGN contains ten sublaminae, subdivided by modality and laterality, each innervated by distinct RGC subsets and each projecting to distinct cortical laminae.
Just as the LGN is well-laminated in higher mammals, where it passes information to the cortex, the optic tectum is most highly laminated in lower vertebrates, where it is a higher visual processing center. For example, RGCs terminate in at least four retinorecipient sublaminae in chickens, pigeons, and zebrafish (Xiao and Baier, 2007; Karten and Brecha, 1983; Kuljis and Karten, 1988; Sanes, 1995, 2005; Yamagata et al., 2006) . Unfortunately, physiological analysis of this structure has been limited, so little is known about the information carried by these parallel pathways. Until recently, it appeared that lamination of superior colliculus and LGN was rudimentary in rodents (Sachs and Schneider, 1984; Hofbauer and Drä ger, 1985) . However, recent studies of transgenic mice in which distinct RGC subpopulations are marked reveal multiple sublaminar termination zones in both colliculus and dLGN (Huberman et al., 2009; Kim et al., 2010) . Thus, the differences among species may be more apparent than real.
Primary Visual Cortex
The physical segregation of information processing streams extends from the lateral geniculate into the cortex ( Figure 7C ). Visual cortex, like other portions of the cerebral cortex, is conventionally divided into six main laminae, some of which are further subdivided into sublaminae. Most arbors and synapses of thalamocortical axons are confined to layer 4. In primates, axons carrying information from the magnocellular and parvocellular streams terminate in layers IVCa and IVCb, respectively, forming overlapping retinotopic maps, much like those in the IPL and geniculate. The koniocellular stream is segregated in a different way: geniculate axons carrying this information project to spatially segregated areas called, sadly, ''blobs.'' From these projections, the streams project in partially separate (but highly interconnected) pathways to numerous other areas in what have been called the dorsal and ventral streams, which specialize in motion detection and object identification (and are therefore sometimes called ''where'' and ''what'' pathways) , respectively (Nassi and Callaway, 2009 ).
Synaptic Organization of the Fly Visual System
Overview Cajal turned to the visual system of large flies with the hopes of finding a sensory system simpler than the vertebrate retina in which to deduce the flow of information from anatomy (Cajal, 1937) . He was astonished to discover that the cellular diversity and complexity of the insect visual system rivals that of the vertebrate retina (Cajal and Sanchez, 1915) . Fischbach and Dittrich (1989) later demonstrated that the smaller Drosophila visual system has a similar level of cellular diversity. In addition to the retina or compound eye, the Drosophila brain contains four principal regions devoted to visual information processing: lamina, medulla, lobula, and lobula plate, the latter two sometimes referred to as the lobula complex ( Figure 1B ). The retina, lamina, and medulla each contain precisely registered sets of 750 units, called ommatidia, cartridges, and columns, respectively ( Figure 2B ). Although visual systems of many insects have been studied, we focus on Drosophila, as genetic tools make it particularly advantageous for developmental and functional analyses of circuits.
Each retinal ommatidium is composed of eight photoreceptor neurons or retinula (R) cells, along with supporting cells. There are three classes of R cells. The R1-R6 neurons express the same opsin (O'Tousa et al., 1985; Zuker et al., 1985) and are thought to provide an achromatic channel as they respond to a broad spectrum of wavelengths (Hardie, 1979) . The R7 and R8 neurons express UV-and blue-green-sensitive opsins, respectively, and provide chromatic information (Zuker et al., 1987; Montell et al., 1987; Fryxell and Meyerowitz, 1987; Papatsenko et al., 1997; Chou et al., 1996) . In a broad sense, R1-R6 neurons may be thought of as rods and R7 and R8 neurons as cones. All three classes of R cells are histaminergic (Hardie, 1987; Sarthy, 1991) .
By contrast to vertebrate retina, there are no synapses within the fly retina. The R1-R6 neurons project axons to and form synapses within a structure directly beneath the retina called the lamina, a source of perpetual confusion in a system dominated by lamination. The R7 and R8 axons, along with lamina neurons, arborize in distinct layers within the medulla, where they synapse on interneurons and transmedullary neurons (Take- , 2008) . The transmedullary neurons then project into the lobula and lobula plate. Multiple pathways link the lobula complex to regions in the central brain (Otsuna and Ito, 2006; Strausfeld and Okamura, 2007) ( Figures 1B and 1D ). The small diameter of lamina and medullary neurons presents a substantial barrier to conventional electrophysiological analysis. Homologous neurons of larger flies have been characterized (e.g., Strausfeld, 1995, 1996; Gilbert et al., 1991) , and recent studies report recordings from lamina neurons in Drosophila (e.g., Zheng et al., 2009; Nikolaev et al., 2009 ), but most efforts have focused on harnessing Drosophila genetics to selectively alter synaptic function in specific subsets of cells (Borst, 2009 ). Cell-type-specific enhancer/promoter elements can be used to selectively manipulate the physiological properties of specific cells, and behavioral consequences can then be assessed. These methods are now providing insights into how neuronal circuits coordinate visually evoked behaviors. Lamina The lamina contains five different monopolar neuron cell types (L1-L5), three classes of wide-field neurons (including amacrine cells), and centrifugal fibers from the medulla (T1, C2 and C3 cells) (Meinertzhagen and Hanson, 1993) . Each of the R1-R6 axons synapses on L1-L3 neurons in a single cartridge. Each cartridge, in turn, receives inputs from one each of the R1-R6 photoreceptor cell types. Remarkably, however, these inputs do not arise from the ommatidium lying directly above it. Due to the orientation of the photoreceptors within an ommatidium, each R1-R6 neuron in a single ommatidium detects light from a different point of space. Conversely, due to the curvature of the eye, each R1-R6 neuron detects light from the same point in space as one cell in each of five neighboring ommatidia-i.e., an R1 in one ommatidium, an R2 in another, and so on. The six R cells in six different ommatidia that ''see'' the same point in space project to a single cartridge ( Figure 6C ) (Vigier, 1909; Trujillo-Cenó z, 1965; Braitenberg, 1967) . This arrangement, called neural superposition, increases the signal-to-noise ratio of phototransduction and, thereby, enhances visual sensitivity.
EM reconstruction studies have provided a detailed description of synaptic connections in the lamina (Meinertzhagen and O'Neil, 1991) . In all cases, as in the vertebrate visual system, these are multiple contact synapses, with a single presynaptic terminal and between two and four postsynaptic elements ( Figure 4B ). The predominant synapses formed by photoreceptors are tetrads, single presynaptic R1-R6 terminals juxtaposing four postsynaptic elements. Two postsynaptic elements, from L1 and L2, are invariant, with the remaining two derived from amacrine cells, L3 cells, or glial cells.
To learn what information passes through the lamina, the activity of specific neurons can be selectively blocked using molecular genetic tricks and the effects assessed by measuring reflexive behavioral responses to pattern motion. Such analysis reveals that R1-R6 connections to the lamina initiate an achromatic input channel for processing information about motion, which is independent from the R7/R8 color channel (Yamaguchi et al., 2008) . Further inactivation studies suggest that achromatic input from R1-R6 cells is segregated into multiple information streams for the general sensitivity to light and the specific motion computations that arise in higher-order brain regions. For instance, inactivating a specific complement of lamina neurons results in complete loss of motion vision without comprising phototaxis behavior .
Motion channels are further subdivided by lamina neurons (Rister et al., 2007; Katsov and Clandinin, 2008) . Through selective inactivation of neurotransmitter release, or by selective rescue of function in animals lacking neurotransmitter receptor globally, different lamina neurons were shown to regulate responses to different stimuli (Rister et al., 2007) . At high contrast, either L1 or L2 is sufficient to drive the optomotor response, while at low contrast both L1 and L2 are required. Interestingly, at medium contrast, roughly corresponding to those in natural habitats, L1 and L2 selectively mediate responses to motion in opposite directions (back-to-front for L1 and front-to-back for L2). This study also suggests that L3 contributes to orientation behavior while the amacrine/T1 pathway enhances the L1 pathway. Each pathway transmits information to discrete layers within the medulla neuropil. Whereas lamina neurons are not themselves motion selective, they show high-pass response characteristics that are suggested to preprocess visual inputs for higher-order motion computations such as small target tracking (Wiederman et al., 2008) . Like the feature-detecting capabilities of RGCs of the vertebrate retina, fly lamina circuits may perform computations that provide additional ''structure'' to the signals relayed to higher processing centers. Medulla The medulla neuropil is divided into ten layers, designated M1-M10 ( Figures 1B, 5B , and 7D). R7, R8, and L1-L5 arborize and form synapses in one or a few of the outer six layers, M1-M6. Connections of R7 and R8 from a single ommatidium,and lamina neurons from a single cartridge are largely restricted to a single medulla column, thus retaining strict retinotopic mapping of visual information in higher centers ( Figure 2D ). Postsynaptic neurons, such as medulla tangential neurons and interneurons, also arborize within discrete layers of the medulla, but some of their arbors extend beyond column boundaries to delineate receptive fields of large sizes. Connections of medulla interneurons remain confined to the medulla and promote processing within and between layers ( Figure 5B ). The two classes of tangential medulla neurons, by contrast, send axons to the lobula complex: Tm neurons to the lobula and TmY neurons to both the lobula and lobula plate. Catalogs assembled from Golgi staining suggest that there are 12, 26, and 13 morphologically distinct medulla intrinsic neurons, TM, and TmY neurons, respectively (Fischbach and Dittrich, 1989) , but more recent genetic marking studies have identified additional cell types and thus this number is even larger (Morante and Desplan, 2008; A. Nern, personal communication) . In addition, there are multiple classes of widefield neurons (e.g., eight classes in the distal medulla) with extensive arborizations within specific layers in the medulla. Using electron microscopy, Takemura et al. (2008) have documented distinct patterns of layer-specific morphology and wiring specificity for each of at least ten types of neurons within the distal six layers of the medulla neuropil. As in the lamina, all synapses are of the multiple contact variety, typically triads and tetrads. These studies reveal exquisite synaptic specificity within the column.
Of the four regions of the optic lobe, the medulla is functionally the most enigmatic. Recent behavioral analyses, however, have provided important insights into color processing (Gao et al., 2008) . Using promoter analysis of the gene encoding a receptor for histamine, the photoreceptor neurotransmitter, four different histaminoceptive TM neurons were identified, each of which arborized in at least one medulla layer receiving input from R7 and R8. Several classes of centrifugal fibers and medulla intrinsic neurons were also tagged, including distal medulla intrinsic neuron 8 (DM8), which arborizes extensively and selectively within the R7 recipient layer. The axons of transmedullary neurons terminated within discrete layers of the lobula neuropil, arguing that these layers process chromatic information. Manipulation of histamine receptor function and synaptic activity revealed that DM8 neurons are both necessary and sufficient for mediating ultraviolet light sensitivity, probably via connections to TM5, which in turn transmits information to layer 5 in the lobula.
Together, these initial studies show that two main types of visual information, motion and spectral sensitivity, follow different paths through the early stages of the visual system and in the lobula complex. Lobula Complex Axons project from specific layers in the medulla to specific layers within the lobula and/or lobula plate of the lobula complex (Fischbach and Dittrich, 1989; Douglass and Strausfeld, 1996) . Numerous cell types within these structures process different features of the visual world. Of these, the best characterized are motion-selective large-field neurons tuned to horizontal and vertical motion (HS and VS cells, respectively) (Borst, 2009; Joesch et al., 2008; Raghu et al., 2007 Raghu et al., , 2009 .
The HS and VS cells elaborate extensive dendritic trees. For instance, the dendrites of all six VS cells together cover the entire visual field. The receptive field of each VS cell spans 180 along the elevation and on the order of 60 along the azimuth. Dye coupling reveals that the dendritic fields not only overlap but are linked through gap junctions. Physiological studies support a model in which motion across the retina activates L1 and L2 within sequential cartridges whose spatiotemporally correlated output is integrated via a ''push/pull'' combination of excitatory and inhibitory inputs into VS dendrites (Joesch et al., 2008) . The identity of the cells that link L1 and L2, the first two interneurons in the motion sensitive pathway, to VS dendrites remains unknown.
In addition to the VS and HS neurons, many different visual projection neurons in the lobula complex project to glomerular structures within the protocerebrum (Otsuna and Ito, 2006; Strausfeld and Okamura, 2007) . As neurites interlink these glomeruli, at least in larger flies, further information processing is likely to occur between these elements prior to activating premotor descending pathways that regulate output behaviors.
In conclusion, a rich diversity of neuronal cell types and synaptic connections within the fly visual system has evolved to discriminate salient features of the visual world, including color and motion; process this information; and direct specific behaviors. New genetic methodologies provide a promising approach to unravel how these circuits function.
Fly and Vertebrate Visual Systems Compared
We have highlighted numerous striking structural similarities between the vertebrate and fly visual systems. They include: a small number of main neuronal types (five in vertebrate retina, six in fly retina/lamina/medulla; Figures 1 and 3) , divided into numerous subtypes (probably 100 in each case; Figure 5) ; multiple contact synapses with a single presynaptic terminal abutting multiple postsynaptic elements ( Figure 4) ; multiple cellular layers with regular arrangement of neurons in each layer ( Figure 2) ; orderly mapping of neuronal arrays at each level onto those at the next level, involving specific patterns of integration and convergence ( Figures 2 and 6) ; and segregation of synapses made by specific subtypes into parallel sublaminae within soma-free neuropil (inner and outer plexiform layers and medulla; Figure 7 ). When these structural features are considered in light of visual function, several shared design principles emerge.
Lateral Interactions and Convergence Mediate Hierarchical Processing
In both vertebrates and flies, photoreceptors transduce light into relatively simple electrical signals. These signals convey progressively more complex information as they proceed through a series of synaptic way stations: outer plexiform layer to inner plexiform layer to LGN to visual cortex in mammals; lamina to medulla to lobula to protocerebrum in flies (Figure 1 ). Complexity arises in large part through lateral interactions among parallel relays, for example, horizontal and amacrine cells in vertebrate retina, lamina amacrine cells and medulla intrinsic neurons in flies. At the same time, the signal-to-noise ratio is optimized by having several photoreceptors connect to a single interneuron at the next-stage (lamina neurons or bipolar neurons; Figure 6 ). As a consequence, cells only a few synapses away from the sensory neurons are both highly sensitive and selectively tuned to complex visual features, such as motion in a particular direction. Thus, the information that reaches the brain has already been heavily processed; in neither flies nor vertebrates is the eye in any sense a camera.
Repeated Local Modules Tile the Global Visual Field
Although the visual world is continuous, the visual system must divide it into discrete units for processing and ensure that each unit is served by a complete set of feature detectors. Both visual systems must distribute cell subtypes so that each portion of the visual world is served by a complete set of feature detectors and can thus be analyzed in all relevant ways. In vertebrates, a mosaic strategy accomplishes this, while in flies, each module is more rigidly constructed within a repeated crystal-like columnar structure (Figure 2) . Layered Connections Mediate Parallel Processing Distinct functions are mediated by separate, albeit linked, pathways that act in parallel. Best studied in both systems are the largely separate streams for processing color and motion, two undeniably salient features (Figure 7) . In both cases, comparisons of signals from photoreceptors with distinct excitation spectra underlie color vision-cones in vertebrates, R7 and R8 in fly. Likewise, in both cases, information about motion is largely color independent-notably that conveyed by vertebrate rods and fly R1-R6. Discrete layers in the IPL, LGN, medulla, and lobula complex are devoted to further processing of these features.
A main structural basis for parallel processing is the organization of synaptic connections into parallel laminae. Afferent and efferent processes of each subtype confine their arbors, and therefore their synapses, to distinct strata, at least some of which are sandwiched together in somata-free neuropils-the inner and outer plexiform layer and the fly medulla. The specific connections formed in these laminae describe a set of pathways by which visual information is transformed in multiple ways and passed to the brain for integration and further processing. In short, laminaspecific connectivity underlies parallel processing both in a literal sense and as used in computer architecture (Figure 7 ).
Development of Visual Circuitry
Given the anatomical and physiological similarities between the vertebrate and fly visual systems, one might imagine that they share a common evolutionary origin and thus common underlying genetic regulatory programs. Nevertheless, the differences in eye structures led to general acceptance, from Darwin through to the 1990s, of the view that the fly and vertebrate eyes arose independently, with their similarities reflecting convergent evolution. The discovery in the mid-1990s that vertebrate transcription factor Pax6 and its fly ortholog, eyeless, are crucial for eye development reawakened enthusiasm for the notion that visual systems share a common evolutionary origin (Quiring et al., 1994; Halder et al., 1995; Gehring, 2004; Lamb, 2009) .
Building on this foundation, further similarities in the assembly of the fly and vertebrate visual systems have been documented over the past decade. Here, we discuss mechanisms for diversification of neuronal subtypes, formation of modules (i.e., columns and mosaics), and the segregation of connections into discrete layers. As these are still early days and molecular information remains fragmentary, strong arguments cannot yet be made about which similarities reflect common origin and which result from convergence. Whatever their origin, however, we believe that the parallels are intriguing and instructive.
Transcriptional Programs for Subtype Diversification Subsequent to discovery of the Pax6/eyeless parallel, further similarities were found in the transcriptional programs that regulate eye formation and specify its main cell types. They include vertebrate Six3 and fly so for early eye and optic lobe primordia; vertebrate Otx/Crx and fly otd for photoreceptor cell development; vertebrate Chx10 and fly Vsx for interneuronal (bipolar and transmedullary) development; vertebrate Brn3 and fly acj6 in RGCs and lobula neurons; and various basic helix-loop-helix (bHLH) genes expressed widely in developing precursors and differentiating neurons (Pichaud and Desplan, 2002; Ohsawa and Kageyama, 2008; Erclik et al., 2008 Erclik et al., , 2009 Harada et al., 2007; Hennig et al., 2008; Agathocleous and Harris, 2009) .
Much less is known about the transcriptional programs that regulate the diversification of the main cell types to generate multiple subtypes (e.g., Figure 5 ). Some progress has been made, however, in learning how photoreceptors diversify . In flies, all of the R1-R8 photoreceptor types are generated from a common pluripotent pool of cells through local cellular interactions (Ready et al., 1976; Reinke and Zipursky, 1988) . These interactions play crucial roles in modulating the transcriptional regulatory circuitry specifying the fate and position of each cell within the ommatidial unit. These pathways have been reviewed in detail previously (Zipursky and Rubin, 1994; Freeman, 1997; Nagaraj and Banerjee, 2004; Doroquez and Rebay, 2006) . Here, we describe more recent studies examining specific intrinsic determinants of photoreceptor subtype specificity.
In flies, there is an intimate relationship between the transcription pathways regulating development of R7 and R8, two photoreceptor subtypes that share common features of development, mediate a chromatic pathway, and form connections in the medulla ( Figure 8B ). For instance, the transcription factor NF-YC plays a crucial role in regulating the development of R7 neurons by actively repressing an R8 pathway of differentiation. The initial steps in R7 development are normal in NF-YC mutants, but expression of the R8 opsin is derepressed and mutant neurons terminate within the R8-recipient layer in the medulla (Morey et al., 2008) . NF-YC executes this function by preventing R7 from expressing an R8-specific transcription factor, Senseless.
In normal R8 cells, Senseless and the Otd transcription factor directly activate transcription of R8 opsins. Senseless also represses the expression of R7 opsins and controls the expression of cell surface molecules that regulate R8 target layer specificity (Xie et al., 2007; Morey et al., 2008) . Another transcription factor, Prospero, acts through a parallel pathway to actively repress R8 opsin expression in R7 and prevent R7 from targeting to the M3 layer (Kauffmann et al., 1996; Xie et al., 2007; Miller et al., 2008; Morey et al., 2008) . Thus, programs of photoreceptor subclass diversification involve the active repression of alternative pathways giving rise to closely related subtypes.
A similar developmental relationship exists among classes of photoreceptors in the vertebrate eye (Hennig et al., 2008; Onishi et al., 2009;  Figure 8A ). Although lineage relations remain incompletely defined (Cayouette et al., 2006) , rods and cones appear to be generated from a common set of precursors, and recent genetic studies suggests that development of rods occurs, at least in part, by repressing an alternative cone cell fate. For instance, loss of neural retina leucine zipper protein (Nrl) leads to loss of rods and increased cones (Nishiguchi et al., 2004; Mears et al., 2001) , while widespread expression of Nrl generates an all rod retina (Oh et al., 2007) , presumably by converting cones to rods. In rods, Nr2e3 acts downstream of both Nrl and Crx, the mouse homolog of Otd, to activate rod opsin and repress expression of cone opsins (Cheng et al., 2004; Peng et al., 2005 ). An accessory factor, Pias3, acts to repress cone and activate rod cell pathways (Onishi et al., 2009 ). Interestingly, Senseless in fly and Nrl and Nr2e3 in mouse both act in conjunction with members of the Otx transcription factor family to regulate photoreceptor-subtype-specific expression (Xie et al., 2007; Hennig et al., 2008) , suggesting evolutionary conservation in the molecular mechanisms regulating photoreceptor cell specialization.
A close relationship also appears to exist between the molecular control of different cone cell opsins in the mouse (S and M opsins; Hennig et al., 2008) . Two members of the steroid hormone receptor family, retinoic acid receptor family (Rxrg) and thyroid hormone receptor family (Trb2), regulate cone opsins. Based on genetic and biochemical studies, it has been hypothesized that in the mouse retina Rxrg/Trb2 homodimers repress S opsins while Trg2 homodimers activate M opsins (Roberts et al., 2006) .
While distinct retinal cell types can arise through determinative mechanisms (e.g., R8 induces R7 differentiation), they can also arise through stochastic processes. In most ommatidia, R7 neurons express either Rh3 or Rh4 opsin genes but not both; similarly, R8 expresses either Rh5 or Rh6 (Chou et al., 1999; Morante et al., 2007) . The choice between opsins expressed in R7 and R8 is controlled by the stochastic expression of the transcription factor Spineless in a fraction of R7s (Wernet et al., 2006) . Spineless promotes Rh4 expression and prevents Rh3 expression in R7, and represses a signal produced in R7 needed to induce Rh5 and inhibit Rh6 expression in the neighboring R8 cell. As such, in each ommatidium, R7 and R8 exhibit paired expression of Rh3 and Rh5 or Rh4 and Rh6. Interestingly, exceptions to these opsin expression patterns occur regionally in the eye, as a result of nonstochastic expression of other transcriptional regulators; these refinements highlight genetic mechanisms for further neuronal diversification (Wernet et al., 2003; Mazzoni et al., 2008) .
The mutually exclusive expression of red and green opsins in the human retina also relies on a stochastic mechanism, albeit a very different one. Red and green opsin genes are tandemly arranged on the X chromosome, and transcription of both genes is controlled by a single locus control region. A single such region can promote expression from only one gene at a time, thereby activating expression of red and green opsins in a mutually exclusive fashion (Nathans et al., 1989; Wang et al., 1992) . As each cone expresses genes from only a single X chromosome, mutually exclusive expression of red and green opsin is insured.
A B Figure 8. Transcriptional Control of Photoreceptor Diversification
(A) Regulation of photoreceptor subtype identity in the mouse retina. Nrl and Nr2e3 promote rod development and repress cone cell programs in rods. These transcription factors also regulate photoreceptor-subtype-specific expression of opsins in rods and are likely to regulate other genes controlling rod and cone cell development (adapted from Onishi et al., 2009) . (B) Regulation of photoreceptor subtype in fly retina. NF-YC represses a part of the R8 developmental program in R7 by preventing Senseless expression. Senseless regulates R8 and R7 subtype-specific opsin expression in R8 and has also been implicated in expression of Capricious and other genes regulating R8 targeting. Prospero also regulates opsin expression and acts in parallel with other transcription factors to regulate R7 targeting. R7 and R8 subtypes can be further divided by the opsins they express (see text). Otd and Crx are homologous and play key roles in regulating opsin expression in both flies and mice.
Together, these studies suggest that transcriptional switches among a limited number of alternative cellular states may provide a mechanism for the diversification of neuronal subtypes. The mechanisms controlling these switches remain poorly understood, but elegant studies by Jessell and others on specification of neuronal subtypes in the vertebrate spinal cord provide a conceptual basis for thinking about the problem (Briscoe and Novitch, 2008; Dalla Torre di Sanguinetto et al., 2008) . Here, numerous transcriptional regulators have been identified that act in combinatorial and cross-regulatory fashions to specify interneurons and motor neurons from common progenitors and then diversify each major class into numerous subtypes. Moreover, in a few cases, links have been made between transcriptional programs that specify cell types and the downstream genes that specify their connectivity (Kania and Jessell, 2003) . We anticipate that in both vertebrates and flies, broadly similar transcriptional programs will diversify major cell types into subtypes and specify the ''hard-wired'' portions of their dendritic morphologies, synaptic specificities, and physiological properties.
Formation and Connection of Mosaics and Columns Formation of Mosaics in Vertebrates
As described above, cells in the vertebrate retina are arranged in mosaics, characterized by more regular spacing than would be expected by chance alone. The mechanisms by which mosaics arise must account for two key features. First, in nearly all cases, each mosaic is independent of others (Rockhill et al., 2000 ; Figure 2A ), indicating a prime role for highly cell-type-specific interactions. Consistent with this idea, manipulations that lead to loss of one cell type generally fail to disrupt mosaic formation by other cell types. Second, mosaics are present soon after neurons have reached proper layers and begun to make connections, although their regularity may increase at later stages . Thus, mosaics are likely to arise through activity-and experience-independent processes.
Three sets of interactions have been proposed that may promote mosaic formation, and there is some evidence in favor of each of them. One is that regularity arises from control of neurogenesis by lateral inhibitory interactions. Indeed, cells of particular types emit signals that prevent nearby progenitors or neuroblasts from adopting the same fate (Waid and McLoon, 1998) and some of these signals may depend on Notch-mediated lateral interactions, as also occurs in Drosophila retina (Cagan and Ready, 1989; Miller et al., 2008) . Second, neurons might migrate laterally to maximize their distances from each other. Indeed, although new-born retinal neurons migrate in a primarily radial direction from the ventricular zone to the ganglion cell or inner nuclear layer, there is also some tangential dispersion within layers. Repellent homotypic interactions among neurons could transform an initially random pattern into one in which somata of a single type are regularly spaced. These interactions could be mediated by soluble factors or by contact among processes (Huckfeldt et al., 2009 ). Finally, retinal neurons, like vertebrate neurons generally, are overproduced, with the excess being eliminated by naturally occurring cell death (Pé quignot et al., 2003) . Indeed, selective elimination of near neighbors appears to increase regularity of spacing in some retinal populations (Raven et al., 2003; Resta et al., 2005) .
Thus, lateral interactions that generate mosaics could influence generation, migration, and death of neurons. Unfortunately, neither experimental nor modeling (Eglen, 2006) approaches have provided a satisfactory explanation of the relative importance of the various factors. Once molecules have been identified that mediate homotypic inhibitory interactions, it will be possible to use gain-and loss-of-function approaches to more deeply analyze the developmental mechanisms.
In considering how mosaics form, it is important to distinguish this process from a related phenomenon, tiling. Tiling, a prominent feature of many sensory systems, refers to the nonoverlapping coverage of territory by dendritic or axonal arbors of neighboring cells. Typically, processes of adjacent neurons meet at their tips. In that case, the homotypic interactions that mediate tiling could also play a role in mosaic distribution of somata. Indeed, tiling is apparent in several retinal cell types, which are said to have a ''coverage factor'' of 1-that is, each region of a layer is occupied by processes of just a single cell of the neuronal subtype in question. More often, however, the diameter of the dendritic arbor is greater than the distance between somata; dendrites therefore overlap, and the coverage factor is >1. These subtypes exhibit mosaic arrangements but not tiling, demonstrating that the latter is not the cause of the former.
Formation of Columns in Flies
While the vertebrate eye forms from a single primordium, the equivalent regions of the fly visual system (retina, lamina, and medulla) are derived from two primordia: the retina arises from an epithelial sheet called the eye imaginal disc, while the lamina and outer medulla are derived from neuroblasts localized within the optic lobe of the brain (Meinertzhagen and Hanson, 1993) . These two structures are joined by a tube, called the optic stalk.
Emergence of the columnar arrangement of the Drosophila visual system begins with the assembly of retinal ommatidia, a process controlled by local interactions among neighboring cells (Ready et al., 1976; Reinke and Zipursky, 1988) . The first ommatidia form in the posterior region of the imaginal disc and this is followed by wave of ommatidial assembly across the disc from posterior to anterior. As photoreceptor cells differentiate, they send axons down the optic stalk and into the brain.
As each R cell axon bundle enters the brain it becomes associated with a small group of lamina primordial cells (Meinertzhagen and Hanson, 1993) . R cell axons promote the final division of these cells through the release of Hedgehog Kunes, 1996, 1998; Umetsu et al., 2006) and induce their differentiation by secreting an EGF-like protein . These signals induce L1-L5 in the lamina cartridge that will lie directly beneath them in the adult eye. The lamina axons then extend along the R7 and R8 axons from the ommatidium above them and into incipient medulla columns. Thus, the precise matching of ommatidia to cartridges to columns is a consequence of local interactions between cells, between axons and cells, and among axons. The terminals and branches of L1-L5, R7, and R8 remain restricted to a single column and thus tile the medulla neuropil.
Dscam and Repellent Lateral Interactions
Mosaic formation and tiling appear to depend on homotypic repellent interactions. Recently, Dscam proteins have emerged as candidate mediators of these interactions in both vertebrates and flies. Dscams are large immunoglobulin superfamily molecules that mediate homophilic adhesion; there are four Dscam genes in flies and two in mice and chicks. Fly Dscam1 exhibits extraordinary diversity as a result of alternative splicing, but the other three fly and two vertebrate Dscam genes are quite ordinary (Hattori et al., 2008) .
In flies, mutant analysis indicates that Dscam2 mediates tiling between neighboring L1 neurons in the medulla ( Figure 9B ). These defects are highly specific, as Dscam2 mutant R7, R8, and L2 neurons tile normally in layers M6, M3, and M2, respectively (Millard et al., 2007) . Taken together, these data support a simple model in which Dscam2 on the surface of adjacent L1 neurons promotes tiling through a homophilic repulsive interaction.
Recent studies in the mouse retina raise the interesting possibility that Dscam's function in promoting repulsive interactions is evolutionarily conserved ( Figure 9A ). Mouse Dscam plays an important role in controlling the arrangement of neurites of two classes of amacrine cells found in different layers. Loss of Dscam leads to a marked disruption in these patterns, with neurites of a single cell, and of cells in a single class, forming large fascicles (Fuerst et al., 2008) . Loss of Dscam-Like-1, the other vertebrate Dscam, leads to similar effects on other populations (Fuerst et al., 2009 ). These results suggest that Dscams antagonize adhesion between processes of the same cell, as well as interactions between processes of different cells of the same class and may do so through homophilic repulsive interactions. These defects in fasciculation lead secondarily to disruption in mosaic spacing, but genes involved directly in mosaic formation remain to be identified.
Forming Vertical Connections among Layers
To transfer an orderly map of visual space from the eye to the brain, each structure projects to the next processing station in visuotopic register, for example, retina to LGN to cortex in vertebrates, medulla to lobula and beyond in flies. While nothing is known about how the maps between the medulla and lobula form, the task of transferring a more-or-less continuous retinal map to the LGN and tectum/colliculus has been studied in great detail. In brief, Sperry (1963) initially conceived of a set of graded labels on retinal axons that would guide the axons to retinotopically appropriate sites in the tectum, and perhaps also bias synapse formation in favor of appropriately placed postsynaptic partners. Bonhoeffer and colleages devised elegant assays that allowed them to elucidate the cell-biological basis of this guidance and, ultimately, to isolation of the first ''gradient molecule'' ephrinA5 by Bonhoeffer and, independently, by Flanagan and colleagues (Drescher et al., 1995; Cheng et al., 1995; Lö schinger et al., 2000) . The current view is that map-making depends critically on graded distributions of Eph kinases on retinal axons and of their ligands, the ephrins, in the tectum. Similar Eph-ephrin interactions may transfer the maps to the cortex and beyond. This area has been reviewed recently and will not be covered further here (McLaughlin and O'Leary, 2005; Huberman et al., 2008; Pasquale, 2008) .
Self-Assembly of Laminae
The laminar organization of visual circuits has facilitated studies of their development. First, because synapses of a particular type are confined to a narrow plane, synaptic specificity can be assessed visually. This situation is vastly different from that in, say, the cerebral cortex, where synapses of a given type are widely dispersed in three dimensions. Second, because synapses of many different types form in closely apposed laminae, synaptic specificity can be analyzed separate from the related but distinct phenomena of axon guidance and neuronal migration. And third, because neuronal subtypes process information in different ways, their lamina-specific arbors directly relate neuronal structure to neuronal function. Accordingly, knowledge about the development of laminar specificity provides insight into the ontogeny of neural processing.
Just as there are structural similarities between laminar patterns in the vertebrate IPL and fly medulla, there are similarities in the formation of these structures. Most recently, common features have emerged from single-cell studies in flies and vertebrates. In flies, these studies are made possible by the MARCM technique and cell-specific markers (Lee and Luo, 1999) . In zebrafish and mice, the growing toolbox of cell-type-specific GFP markers permits identification of cell subclasses and analysis of their development (Luo et al., 2008) . In zebrafish, it is even possible to follow cells throughout development using live cell imaging techniques (Mumm et al., 2006) , a capability largely unavailable for flies and mice.
Development of Synaptic Layers in the IPL
The IPL contains neuropil but no neuronal somata or potential guidepost cells. It forms as processes of interneurons and RGCs grow between the layer of early-born RGC somata and an initially diffuse layer of neuroblasts and postmitotic interneurons ( Figure 10A ) ( its formation involves self-assembly rather than recognition of a preexisting scaffold by incoming axons or dendrites. In this respect, the IPL differs from other laminated structures such as the cortex or tectum, in which incoming processes encounter and presumably recognize somata or processes that are already laminated (Sanes and Yamagata, 2009) .
Among the first processes to enter the IPL are those of earlyborn amacrine cells. Our clearest view of these events comes from studies in zebrafish by Wong and colleagues, who were able to image GFP-labeled processes in live embryos. Amacrines target proper lamina from the outset (Godinho et al., 2005) , even when RGCs have been genetically eliminated (Kay et al., 2004) , suggesting that they do so by interactions with each other. An inference from this pattern is that amacrine processes may provide a scaffold on which RGC and bipolar processes laminate. One Processes of many amacrine cells ramify from the outset in appropriate sublaminae. Development of RGC dendrites exhibits subtype-specific variations: arbors of some types are initially diffuse then remodel, others are laminarestricted from an early stage, and still others develop in discrete steps. The first two are shown here. Bipolar cells are born and extend axons late; their processes initially span multiple sublaminae, then become lamina-restricted. The IPL expands and sublaminates as processes enter it and arborize. For clarity, we do not show this thickening here. (B) Lateral geniculate nucleus. Axons from the ipsi-and contralateral eyes initially arborize broadly. Activity-dependent processes promote refinement to appropriate target laminae. (C) Fly lamina. The growth cones of R1-R6 axons from the same ommatidium initially terminate in a tight cluster in a temporary layer bounded by glia. Interactions between growth cones promote extension away from one another in defined orientations where each projects to a different set of lamina neurons in surrounding cartridges and forms synapses with them. Some of the molecules implicated in discrete steps are indicated. (D) Fly medulla. The axons of R7, R8, L3, and L5 exhibit cell-type-specific behaviors as they form lamina-specific terminals in the medulla. particular amacrine type, called starburst amacrines, are born and laminate very early (Stacy and Wong, 2003; Voinescu et al., 2009 ) and may play an especially important role. Consistent with this idea, dendrites of an RGC subset that receives input from starbursts become lamina restricted earlier than other subsets studied to date (Kim et al., 2010) . Attempts to test this idea by early ablation of amacrines have so far given disappointing results (Reese et al., 2001 ), but the manipulations may have occurred after RGC dendrites had already received their instructions.
Although RGCs are the first-born retinal neurons, they extend dendritic processes into the IPL along with or even after those of amacrine cells. Arriving in the IPL, RGC dendrites therefore encounter processes of early-born amacrine subsets. The extent to which RGC dendrites arborize in a lamina-specific fashion from the outset is unclear. Early studies in mammals suggested that RGC dendrites initially spanned multiple sublaminae and were then refined (Bodnarenko et al., 1995) . Refinements appeared to be activity-dependent in that they are perturbed by blockade of excitatory or inhibitory neurotransmission, by dark-rearing, or by interference with neurotrophin signaling (Bodnarenko et al., 1995; Copenhagen, 2001, 2003; Xu and Tian, 2007) . In zebrafish, on the other hand, at least some RGC dendrites arborize in appropriate laminae from the outset (Mumm et al., 2006) . The resolution to this complexity may be that dendritic behavior is subtype specific. Recent analysis in mice with
Neuron 66, April 15, 2010 ª2010 Elsevier Inc. 27 Neuron Review transgenically marked RGC subsets has revealed one subset in which initially diffuse dendrites refine to a single sublamina during development, other subsets in which arbors appear to be lamina specified as soon as they can be visualized, and still others in which bistratified dendrites arborize in one lamina initially and the other only after a delay (Kim et al., 2010) .
Last to enter the IPL are processes of bipolar neurons. In zebrafish and mice, bipolars initially extend processes that span the entire depth of the developing IPL and form small extensions in multiple laminae. This is followed by profuse but selective branching, resulting eventually in restriction of terminals to specific sublaminae (Morgan et al., 2006; Schroeter et al., 2006) . In mice, interference with synaptic transmission alters the numbers of synapses that the bipolars form, but has no detectable effect on their laminar restriction (Kerschensteiner et al., 2009 ). Thus, bipolars seem to engage in limited rearrangement as they find proper lamina within which to arborize.
Development of Synaptic Layers in the Lateral Geniculate Nucleus
In mammals, the best-studied target of retinal axons from the perspective of laminar specificity is the LGN. In particular, the LGN has been a test-bed for models of how correlated synaptic activity might influence synaptic specificity.
In the adult, axons arising from the ipsilateral and contralateral eyes are confined to distinct, alternating laminae within the LGN. Initially, however, individual retinal axons arising from either eye span laminae in which ipsilateral and contralateral axons will eventually terminate (Rakic, 1976) . Specificity arises as axons both eliminate branches in inappropriate laminae and enlarge their arbors in appropriate laminae (Shatz, 1996) (Figure 10B ).
Several studies indicated that this rearrangement requires a competitive interaction between RGCs from the two eyes and that the competition is based on electrical activity in the RGCs. For example, segregation fails to occur if one eye is removed or if RGC activity is inhibited pharmacologically (Sretavan et al., 1988) . Oddly, segregation occurs before photoreceptors form and the circuit becomes light responsive. It turns out, however, that RGCs are spontaneously active, with waves of activity passing across the retina (Galli and Maffei, 1988; Maffei and Galli-Resta, 1990; Meister et al., 1991) . Thus, neighboring RGCs are much more likely to fire in synchrony with each other than with RGCs in the other eye. This pattern could underlie a Hebbian mechanism in which ''neurons that fire together wire together.'' Indeed, interference with the correlated waves of spontaneous intraretinal activity blocks segregation of RGC axons to single LGN laminae (Penn et al., 1998; Feller, 2009) . Moreover, there is excellent evidence that another, related rearrangement, sharpening of the retinotopic map, requires correlated activity (Brickley et al., 1998; Yates et al., 2004) .
Despite strong evidence for this view, it remains somewhat controversial, with some data supporting the idea that activity per se is required for segregation but that its precise pattern is not instructive (Huberman et al., 2003; Sun et al., 2008; Chalupa, 2009 ). The issue is further complicated by recent studies revealing that visual experience at a late stage is capable of remodeling axonal arbors (Hooks and Chen, 2007) . Moreover, it seems likely that molecular recognition is involved in the stereotyped matching of ipsilateral and contralateral axons to particular laminae. Nonetheless, there is little doubt that activity in some form is critical for formation of RGC arbors in the LGN.
Development of Synaptic Connections in the Lamina
Genetic studies have provided insights into the specific steps and, in some cases, the molecular mechanisms that underlie formation of connections between R1-R6 photoreceptors and neurons in the lamina ( Figure 10C ). As noted above, R cell axons provide anterograde signals that drive lamina neuron precursor proliferation and differentiation. An early step in axon ingrowth is regulated by glial cells, which flank the distal and proximal boundaries of the incipient lamina neuropil. These glia serve as transient targets that provide a yet-to-be identified stop signal preferentially recognized by R1-R6 growth cones (Poeck et al., 2001) . In parallel, cells in the developing lamina secrete the wingless family member, Wnt4, which serves as an attractant for ventral R cell axons . Thus, signals produced both by afferents and targets play an important role at early steps in lamina assembly.
An unexpected result of developmental and genetic studies is that afferent/afferent interactions also play a crucial role in synaptic specificity in the lamina (Clandinin and Zipursky, 2000) . Selective removal of one discrete subset of R1-R6 neurons but not another disrupted the targeting of the remaining R1-R6 neurons. Initially, the axons of R1-R6 neurons from the same ommatidium form a tight fascicle, with their growth cones terminating in a clustered arrangement associated with the five lamina neurons that form one cartridge. R1-R6 growth cones then defasciculate, with each targeting to a different lamina cartridge. As described earlier, a consequence of this rearrangement is that each cartridge receives innervation from six different R cells that ''see'' the same point in space ( Figure 6C ). As in earlier stages, afferent interactions do not act in isolation; axon-target interactions function in parallel to promote proper connectivity (Prakash et al., 2005) .
Together these findings argue that lamina circuits emerge through a sequence of local interactions among processes of different cells types, not only afferents and targets as expected, but also between discrete subsets of afferents themselves.
Development of Synaptic Layers in the Medulla
The neuropil of the fly medulla, like that of the vertebrate IPL, forms through a process of accretion or self-assembly, with the layered structure emerging through a multistep process ( Figure 10D ). At an early stage, R7, R8, and L1-L5 growth cones enter the developing medulla in a defined sequence and stack upon one another in a precise fashion that does not correlate strictly with their order of entry into columns Petrovic and Hummel, 2008) . Growth cones overlap extensively at this time, and their filopodial processes extend the entire depth of the incipient target layers, M1-M6. Subsequently, some growth cones swap positions and interstitial branches form at discrete sites. For instance, the R8 growth cone lies distal to the L2 growth cone early, but proximal to it later in development. Later still, L5 branches extend along the L2 growth cone into the incipient M2 layer.
Targeting to different layers occurs in a cell-type rather than a layer-specific fashion. Indeed, different neurons project to the same layer at different times ( Figure 10D ) and via different molecular mechanisms. For instance, R8 initially terminates distal to M1, then extends later to M3 (Ting et al., 2005) . By contrast, L3 targets to the M3 layer from the outset .
Some of these recognition events are mediated by bidirectional signaling among processes of R cells and their targets. As mentioned above, early studies underscored the importance of anterograde signals from R cells that control lamina precursor proliferation and differentiation. More recent studies have shown that R7 and R8 neurons also express the secreted protein Jelly Belly, which is detected by the ALK receptor tyrosine kinase on processes of lamina and medulla neurons (Bazigou et al., 2007) . ALK activation leads to changes in expression of cell recognition molecules in the immunoglobulin and cadherin superfamilies, which in turn may influence R cell growth cones. These studies argue that synaptic specificity relies on a complex interplay between processes in the neuropil and changes in gene expression in response to intercellular signals.
R7, R8, and L1-L5 axons target not only to specific layers but also to single columns. Diverse mechanisms restrict these projections, including autocrine suppression of growth cone motility (R7) , repulsive interactions between cells of the same class in adjacent columns (Millard et al., 2007; Ferguson et al., 2009) , and adhesive interactions between different classes of cells in the same column . As genetic tools become available for analyzing additional classes of neurons that synapse in the medulla, a more complete picture of the cellular dynamics leading to circuit assembly will emerge.
Homophilic Adhesion and Laminar Recognition
The cellular studies reviewed so far show that synaptic connections in the crowded confines of sublaminated structures are highly specific, that they form in a precise sequence of steps, and that many of these steps occur prior to and independent of visual experience. These features lead naturally to the hypothesis that synaptic specificity arises in large part from short-range interactions mediated by recognition molecules on the surfaces of retinal axons and their postsynaptic targets. Over the past decade, a few candidate mediators of these interactions have been identified in both flies and vertebrates. Several belong to the two major classes of proteins that have been implicated in cell-cell recognition generally, the cadherin and immunoglobulin (Ig) superfamilies (Shapiro et al., 2007; Takeichi, 2007) . More recently, a third family of recognition molecules, the leucine-rich repeat proteins, has received increasing attention (Kurusu et al., 2008) . In many of these cases, the interactions appear to be homophilic. Here we describe several examples of cell recognition molecules that regulate laminar specificity in the IPL and medulla. Immunoglobulin Superfamily: Dscams and Sidekicks in the Chick IPL A simple and appealing model for synaptic specificity would be one in which pre-and postsynaptic partners both expressed a single homophilic adhesion molecule. A mechanism of this type appears to underlie some aspects of lamina-specific connectivity in chick retina. Four closely related Ig superfamily members, Dscam, DscamL, Sidekick-1, and Sidekick-2, are expressed by nonoverlapping subsets of bipolar, amacrine, and retinal ganglion cells that form synapses in distinct IPL sublaminae ( Figure 11A) . Each of the four proteins is concentrated within the appropriate sublaminae and each mediates homophilic adhesion. Loss-and gain-of-function studies in vivo indicated that these Ig superfamily members participate in determining the IPL sublaminae in which synaptic partners arborize and connect. Ectopic expression of any one of them in a small group of cells redirects their processes to the sublamina in which that IgSF is most prominent. Conversely, when expression of any of the four is decreased, by means of interfering RNAs, the processes wander beyond their appropriate sublaminae (Yamagata et al., 2002; Yamagata and Sanes, 2008) . Synaptic localization and function of at least Sidekick appears to require its association with a scaffolding protein called MAGI that also binds other synaptic adhesion molecule; Sidekicks and Dscams might thereby recruit a multimolecular synaptogenic complex to appropriate contact sites (Yamagata and Sanes, 2010) . Together, these results suggest the existence of an ''Ig superfamily code'' for laminar specificity in retina. Clearly this code has yet to be fully broken, however: only about half of the cells with processes in the IPL express any one of the four Sidekicks and Dscams, so other molecules, yet to be identified, must explain the behavior of the other half. Moreover, it is likely that each Sidekick and Dscam is expressed by multiple amacrine and RGC subtypes as defined morphologically, so other molecules must subdivide them and account for their subtype-specific behaviors. Taken together with the studies on mouse retina described above, these results suggest that Dscams may have both attractive and repulsive functions in retinal development, depending on the cell type, context, and possibly species in which they are expressed. Cadherin Superfamily: N-Cadherin Regulates R7 Targeting in Medulla Classical cadherins have been widely assumed to play an important role in mediating the cellular recognition events underlying the formation of specific patterns of synaptic connectivity (Takeichi, 2007) . It has been difficult to critically assess classical cadherin function in vertebrates due to redundancy on one hand and the early lethality associated with loss of classical cadherin function on the other. In contrast, subtle genetic manipulations in the fly visual system have provided strong evidence that N-cadherin plays distinct roles at multiple steps of circuit assembly ( Figure 11B ) (Lee et al., 2001; Nern et al., 2008) .
Selective removal of N-cadherin from R7 leads to a highly specific phenotype: mutant R7 cells terminate in the M3 rather than the M6 layer, thus converting R7 to R8 targeting specificity. This specificity is surprising, given the widespread expression of N-cadherin in the developing medulla neuropil. As misexpression of N-cadherin in R8 does not redirect R8 growth cones to M6, N-cadherin is necessary but not sufficient to determine R7 targeting specificity (Lee et al., 2001; Prakash et al., 2005; Ting et al., 2005) .
Selective loss of function of N-cadherin in other cell types causes defects different from those seen in R7 neurons . For instance, removal of N-cadherin from L3 leads to a mistargeting phenotype opposite to that seen in R7; L3 neurons lacking N-cadherin no longer terminate in M3 but rather target to M6, the layer within which wild-type R7s terminate. Ncadherin-mediated homophilic interactions promote the extension of L5 interstitial branches along the surface of the L2 growth cone from the M1 to the M2 layer. The precise spatiotemporal regulation of N-cadherin levels is surely critical for this diversity of function. An additional explanation is that N-cadherin may cooperate with different cell surface proteins to mediate distinct developmental steps. Consistent with this idea, mutations in the receptor tyrosine phosphatase Lar have phenotypes similar to N-cadherin mutations in R7 but do not affect lamina neuron targeting .
Cadherins play additional roles in other regions of both fly and vertebrate visual systems. In addition to its roles in medulla, fly N-cadherin is involved in targeting R1-R6 axons to the lamina (Lee et al., 2001) . A protocadherin, flamingo, is required for R1-R6 axons to select the appropriate cartridge within the lamina (Lee et al., 2003; Chen and Clandinin, 2008) . Several classical cadherins are expressed in specific neuronal subsets in vertebrate retina and its central targets (Wö hrn et al., 1998; Miskevich et al., 1998; Yamagata et al., 2006) , suggesting the existence of a ''cadherin code'' for retina-brain connectivity analogous to the intraretinal ''Ig superfamily code'' mentioned above. Supporting this idea, interference with N-cadherin mediates layer-specific targeting of chick RGC axons to the optic tectum (Inoue and Sanes, 1997) . Finally, a cluster of 22 g-protocadherins regulates survival and some physiological properties of neurons in the developing mouse retina (Lefebvre et al., 2008) . Thus, cadherin superfamily members may play multiple roles in development of the visual system. Leucine-Rich Repeat Proteins: Capricious Plays an Instructive Role in R8 Targeting Three cell surface proteins have been identified that are necessary for R8 but dispensable for R7 targeting. They are Flamingo, Capricious, and Golden Goal (Shinza-Kameda et al., 2006; Lee et al., 2003; Chen and Clandinin, 2008; Tomasi et al., 2008) . Among these, Capricious, a leucine-rich repeat protein, is particularly interesting, as it is the only one that is sufficient to promote targeting to the M3 layer ( Figure 11B ). Capricious is expressed in R8 and in the region of the developing medulla neuropil to which R8 growth cones target (i.e., the incipient M3 layer), but is not expressed in R7 or in the layer to which R7 targets. This pattern raised the intriguing possibility that Capricious acts in an instructive fashion via homophilic adhesion to allow R8 to select the appropriate target layer. In support of this view, misexpression of Capricious in R7 results in targeting to the M3 layer (ShinzaKameda et al., 2006) . While it has been proposed that that this is due to a direct interaction between Capricious on both growth cones and target neurons, this has not yet been rigorously assessed. Indeed, recent genetic studies demonstrated that while Capricious is required for olfactory sensory neuron targeting in Drosophila, it is likely that it functions nonhomophilically (Hong et al., 2009 ). Nevertheless, these data indicate that Capricious acts in an instructive fashion to control targeting specificity within M3. As the chick homolog of Capricious, Lrrn, has been shown recently to regulate nerve muscle connectivity (Andreae et al., 2009 ), it will be particularly interesting to learn whether Lrrn functions in regulating targeting specificity in the IPL.
Fly and Vertebrate Visual System Development Compared Recent studies of the cellular and molecular mechanisms required for building visual systems have revealed numerous parallels between flies and vertebrates (Figures 8-11 ). Emerging themes include the following.
Neuron Subclass Diversity Relies on Modulation of Common Genetic Pathways
Fly and vertebrate visual systems are both characterized by a remarkable degree of cellular specialization, mediated by an extraordinary diversification of basic cell types into subtypes. There are, for instance, some 26 different Tm neurons in the medulla and over 30 different types of amacrine cells in the mammalian retina. As diversification of different subclasses of photoreceptor neurons in the fly and the mouse rely on variations on common genetic programs, it is attractive to speculate that similar relationships may exist among programs regulating other related subclasses. Elucidating the genetic programs regulating the development of these closely related cell types may provide insights into the logic of cellular diversification and lead to the identification of genes regulating assembly of specific visual system circuits. Repellent Interactions Space Modules to Ensure Uniform Coverage of the Visual Field Flies and vertebrates both face the problem of ensuring that neurons are deployed through the visual field, so that there are no holes in coverage. They accomplish this goal, however, in different ways. In Drosophila, the retina is divided into 750 ommatidia, and these modules pattern cartridges in the lamina, columns in the medulla, and, perhaps, corresponding groupings in the lobula complex. In contrast, vertebrates use probabilistic methods to form mosaics of cell types, so each voxel in the retina corresponds only approximately to its neighbors in cell-type composition. The projection of the retinal field onto subsequent stages-colliculus, LGN, and cortex-is likewise an analog rather than a digital map, with graded distributions of molecules like ephrins generating a coarse correspondence and activitydependent mechanisms sharpening the registration. Despite the different logic used by vertebrates and flies to form maps, however, repellent interactions play prominent roles in both. Homotypic Interactions Mediate Both Adhesion and Repulsion Short-range, contact-dependent interactions appear to play the predominant role in assembling the vertebrate IPL and fly medulla. Both homotypic and heterotypic interactions are clearly involved, but many of the molecules identified to date are homophilic. While homophilic binding has been traditionally viewed as adhesive in nature, it can also serve to elicit repulsion. Contactdependent transient repulsion can prevent growth cones or branches from extending into a specific domain, redirect their processes, or initiate divergent process extension. Longerlasting adhesion may promote growth of processes along specific surfaces, and the most stable adhesive contacts may promote synapse formation. As with traditional guidance receptors, it seems likely that homophilic binding of a single-cell recognition molecule will have the capacity to promote different outputs depending upon its cellular context.
How many such homotypic molecules will be needed? Classic experiments have shown that cells can sort out from one another based on both the nature and the levels of the cell-recognition proteins they express (Steinberg, 2007) . Multiple proteins, like Sidekicks and Dscams, may act combinatorially to specify connectivity. In addition, cell-type-specific modulation of a single protein may allow the same protein to mediate synaptic choices of different neurons at different times and places. For example, precise control of its levels, expression and subcellular localization appears to underlie the ability of N-cadherin to regulate many different developmental steps in the fly lamina and medulla.
Conclusion
Sermons commonly begin with a passage from a holy work; they proceed to develop the theme, then return to the text at the end. Like ministers, priests, and rabbis, we end where we began, with Cajal's Epistles to the Neuroscientists. A spate of new results has highlighted the structural similarities between the fly and vertebrate visual systems to which Cajal first drew attention (Figure 3) . Moreover, a convergence of approaches is strengthening the case for functional and developmental similarities as well as structural ones. Most important, the advent of genetic, genomic, and imaging technologies makes it possible to leverage knowledge obtained from one system to gain insights into the other.
Cajal argued that fly and vertebrate visual systems were essentially identical in key respects (Cajal and Sanchez, 1915) . ''If from the visual organ of the insect,'' he wrote, ''we discount the crucial fact of the dislocation of the soma.then the analogy between the visual apparatus [of the vertebrates and insects] converts almost in identity.'' In one of the most remarkable drawings from that early era, he made his point by translocating the fly somata to a vertebrate position without altering the neuropil ( Figure 3B ). He noted that there were fundamental differences between the optical systems of flies and vertebrates, but argued that as regards ''nervous organization.the essential plan was maintained with small variations and re-touches of adaptations.''
The prevailing view of naturalists at the time was that, despite their similarities, these structures could not share a common evolutionary origin. Today, we are more ready to accept that Cajal's ''singular structural concordances'' across phyla imply evolution from a common urbilaterian ancestor (De Robertis and Sasai, 1996) . Such ancient and deeply conserved functions argue for fundamental molecular principles underlying the development of visual circuits, analogous to mechanisms regulating patterning of the embryonic axes.
